Abstract-The unique capabilities of neutrons to penetrate materials opaque to X-rays and at the same time to interact with hydrogen make neutron radiography a technique of choice for the nondestructive quantification of hydrogen-containing substances. However, scattering rather than absorption of neutrons by hydrogen atoms can substantially decrease the accuracy of this quantification. Various post-experiment data processing techniques were developed to correct and mitigate the effects of scattering. A complementary "hardware" solution is to simply eliminate the detrimental scattering component from the detected signal through the use of neutron collimators. Compact polycapillary collimators, merely a few millimeters thick, enable accurate, high spatial resolution quantification for a wide range of neutron scattering materials. This paper demonstrates the improved quantification of water absorption with sub-100 m spatial resolution in 2 cm Portland cement samples. A compact polycapillary neutron collimator (2 mm thick) was used for scatter rejection in our experiments. The results of these measurements indicate that such devices can be attractive for studies where samples must be placed in quite close proximity (e.g., only a few centimeters or closer) from the neutron detector active surface.
into concrete structures were performed with neutron radiography [4] , [8] , [9] , as well as the effects of microcracking and chloride exposure on the penetration of water in cementitious structures [10] , [11] . The relatively low attenuation of thermal neutrons by structural materials (such as cement and concrete) and relatively high scattering probability by water make neutron radiography a very attractive technique for nondestructive studies of water penetration into cementitious and concrete structures [1] [2] [3] [4] [5] [6] [7] [8] [9] , [12] [13] [14] . Other applications where neutron radiography provides unique opportunities to perform quantitative studies of water content include in situ mapping of water contents in hydrogen fuel cells [15] , [16] , and the dynamics of water uptake by roots [17] , and liquid dynamics in heat pipes [18] . The accuracy of water quantification in such experiments depends on both the quality of the neutron beam (intensity, gamma content, energy spectrum, and collimation) and the capabilities of the detection systems. The existence of bright, well-collimated thermal and cold neutron beams in combination with high-resolution and high-efficiency detection systems enables these studies to be performed with sub-100 m spatial resolution with an accurate quantification of water distribution within the samples. For these measurements, the distance between the detector and the sample has to be minimized in order to prevent image blurring due to a finite neutron beam divergence. The compromise between beam collimation and beam intensity optimizes the spatial resolution and data acquisition times, and therefore there are experiments where samples need to be placed close to detector active area. At these short distances, the neutrons scattered in the sample constitute a large fraction of the detected signal and can substantially degrade the accuracy of water quantification. Indeed, neutron interaction with hydrogen-containing substances (including water) is primarily through neutron scattering. A conventional neutron radiography detection system cannot differentiate between scattered and transmitted neutrons, and therefore the measured sample transmission can be affected by the scattering component when the distance between the sample and the detector is small (scattering is usually isotropic into ). In addition, the strong scattering in the sample can introduce substantial image blurring, especially for high-resolution experiments. Although the same collimator can improve both the accuracy of the attenuation coefficient (quantification of scattering substance in the sample) and the spatial resolution, the present paper concentrates mostly on the quantification aspect.
Several techniques have already been employed to correct for neutron scattering during data processing [19] [20] [21] [22] , all based 0018-9499 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1 . Scatter rejection polycapillary collimators can be installed between the sample and the detector, without substantial increase of the distance to the detector. The scattered neutron contribution is removed from the detected signal, improving the accuracy of measured transmission through the samples for strongly scattering materials.
on postexperimental data processing requiring certain assumptions. A new method of scatter rejection becomes available with the invention of very compact neutron collimators based on microcapillary optics [23] [24] [25] [26] [27] . This technique provides the possibility to remove the scattered neutrons from the detected signal and does not require any a priori information on the samples. The new collimators, 1-2-mm-thick devices, can be installed between the detector and the sample and reject most of the scattered thermal and cold neutrons, thus substantially improving the accuracy of water content analysis even for very close distances to the detector (Fig. 1) .
In such experiments, the rejection of out-of-angle neutrons, or scatter rejection, is one of the crucial parameters determining the accuracy of quantification. The current glass polycapillary collimators produced by Nova Scientific typically have small pores ( 10 m), 60 open area (peak transmission) and 5-cm-diameter geometry. Collimators with larger areas, as well as with curved geometries for scattering experiments can be manufactured. These collimators do not introduce image distortions unless the spatial resolution reaches 10 m levels, as demonstrated previously [25] , [26] . The glass composition of these collimators was modified to contain neutron absorbing Gd and B atoms. Both Gd and B atoms are uniformly distributed through the glass matrix, which is achieved by addition of Gd O and B O into the glass mixture. This paper describes in detail the important characteristics of a 2-mm-thick, 5-cm-diameter polycapillary collimator: its transmission as a function of neutron energy and of the angle of incidence. The application of such a collimator for scatter rejection is demonstrated for water quantification in cement samples. The analyses indicate the possibility to improve the accuracy of measured water concentrations at cm-scale distances to the active area.
II. EXPERIMENTAL SETUP
Results presented in this paper were obtained at the cold neutron beamlines at the Paul Scherrer Institute (in particular, the ICON and BOA beamlines [28] , [29] ), Villigen, Switzerland. The neutron counting detector was installed in the beam with a specially designed motion-control system enabling angular alignment (with degree accuracy about two axes) of the detector plane relative to the incoming neutrons. During scatter rejection measurements, the collimator was installed directly on the input face of the detector, and the entire system was rotated and tilted to the angle of peak transmission of the collimator. The detector with pixels ( m each) contained a neutron-sensitive microchannel plate converting neutrons into electrons, registered by the array of Timepix chips [30] . The high efficiency (up to 70% for ICON spectrum, [31] ), good spatial resolution [32] and noiseless KHz frame rate readout of our custom electronics [33] allowed relatively fast and accurate alignment of the collimator to the incoming neutron flux. The neutron beam at the ICON beamline was collimated by a 1-cm aperture providing beam collimation of 686:1 (at a distance of 686 mm, the beam spreading is 1 mm), while the BOA beamline was collimated to 500:1. The collimator used for the scatter rejection was 2-mm-thick, 5-cm-diameter with 8-m pores hexagonally packed on 10-m centers. The peak transmission of the collimator was measured to be 55.7% on the ICON and BOA beamlines.
Measurements of the collimator transmission as a function of neutron wavelength were carried out on the ROTAX [34] beamline of the ISIS pulsed neutron source at the Rutherford Appleton Laboratory, Didcot, U.K.
III. RESULTS

A. Collimator Characterization
The transmission of the collimator for out-of-angle neutrons is one of the crucial parameters determining its effectiveness for scatter rejection. The absorption of neutrons by Gd and B atoms in the collimator decreases with the increase of neutron energy. To quantify the efficiency of a 2-mm-thick collimator used in the present experiment, its transmission was measured as a function of neutron wavelength. For the characterization of the collimator transmission, it was placed at 15-mm distance from the detector active area and was rotated by few degrees relative its peak transmission. The same microchannel plate detector was used for this measurement. The energy (wavelength) of each detected neutron was calculated from its time of flight which allowed simultaneous detection of transmission at various neutron wavelengths. The incoming beam spectrum was measured separately and used for normalization to the wavelength distribution of the incident neutrons. It was determined that most neutrons of wavelengths of 1 A and larger can be removed by this particular collimator and neutrons of shorter wavelengths are not removed as efficiently, as seen in Fig. 2 . This transmission characteristic limits the use of such a thin device to cold neutron spectrum. The cold spectra of the ICON and BOA beamlines match the rejection capabilities of our collimator, providing an opportunity for accurate quantification experiments with scatter rejection.
The transmission of the collimator as a function collimator angle (so called "rocking curve") was measured at both ICON and BOA beamlines (Figs. 3-5 collimator, while the scattered neutrons are removed from the detection process (with a finite rejection ratio, which is higher for the BOA beamline with a colder neutron spectrum). It is worth noting here that the collimator operates in both dimensions simultaneously, as shown in Fig. 5 for both tilt and rotation, opposite to Soller slit collimators usually built for only one axis [35] . 
B. Water Attenuation Coefficient
The attenuation coefficient of water for a given neutron spectrum and detection system is required for the accurate water content quantification. To measure the attenuation coefficient, we used a step edge sample approach (Fig. 6 ), similar to our previous experiment conducted at the BER-II neutron source in Berlin, Germany [26] . The transmission of an empty Al container was measured first followed by the measurement of the water sample of 0.5-5-mm thickness. For water thicknesses of 6 mm and larger, we had observed distortions of the transmission values (higher than expected transmission was measured) probably due to multiple scattering within the sample. Hence, the limit of effective water thickness, which can be measured accurately at this particular beamline, was estimated to be 5 mm. A beamline with a higher energy spectrum will enable larger water thicknesses to be measured accurately, with the penalty of lower accuracy for thinner water column. Moreover, energy resolved imaging experiments should allow thicker water columns to be studied with good accuracy. The images obtained with lower energy neutrons can be used to recover the water thickness at thinner parts of the sample, and the higher energy neutrons can be used for the reconstruction of the water distributions in thicker sections of the sample.
The transmission of the empty Al container ( ) and the water in the Al container ( ) is defined by the equations (1) (2) where and are the macroscopic attenuation coefficients for the aluminum container and water, respectively; and are the thickness of Al and water; and are the intensity of the transmitted and incoming beam, respectively. Thus, the attenuation coefficient of water can be calculated from (3) which is the slope of the straight line in Figs. 7 and 8 . The transmission of the Al container is increasing with the water thickness as the thickness of Al container itself increases, as shown in the insert of Fig. 6 . The transmission for 5 mm water is less than 13% for the ICON spectrum. The deviation from the straight line intersecting zero points for abscissa and ordinate seen in Fig. 7 is most likely due to the imperfect rejection by the neutron collimator for out-of-angle neutrons.
C. Water Content in Cement Samples
The water content in a sample in principle can be measured for each pixel of the transmission image, and thus the water content can be mapped across the active area of the detector. Once the attenuation coefficient of water is known (which needs to be calibrated only once for the given beam spectrum and detector efficiency), the water content (grams) in an area with width and height within a sample can be calculated from the equation (4) where is the integrated thickness of water along the direction of the neutron beam, and is water density. From equations (1) and (2), the can be obtained as (5) with and being the transmission of dry and hydrated Portland cement samples, respectively. Thus, in addition to water attenuation, the attenuation coefficient of dry cement samples is required for water quantification. The transmission of dry cement can be measured with a representative dry sample with the assumption that there is no substantial variation in cement density.
The purpose of the current experiment was to demonstrate the improvement of water quantification by scatter rejection, and therefore we measured the transmission of the same dry cement samples before and after they were hydrated (Figs. 9-11 ). The cement samples of cm dimension were weighted before and after hydration. Cement composition was that of an ordinary Portland Cement: Lime (CaO) -60% to 67%, Silica (SiO )-17% to 25%, Alumina (Al O )-3% to 8%, Iron oxide (Fe O ) -0.5% to 6%, Magnesia (MgO)-0.1% to 4%, Sulphur trioxide (SO )-1% to 3% Soda and/or Potash (Na O K O)-0.5% to 1.3%. This material was chosen merely as a suitable test sample for the demonstration of the scatter rejection. Scatter rejection should be as well applicable to many other structures and materials. The dry cement samples had mass of 1.8 g, and they absorbed 0.2 g of water per sample. The water content was calculated from the difference in the measured sample weight. Immediately after the hydration, the samples were wrapped in Al foil to prevent water evaporation.
As expected, the measured transmission of hydrated samples increased when the samples were moved closer to the detector, Fig. 12 , with some scattered neutrons being detected when the distance to the active area is on a scale of a few centimeters. The same measurement performed with scatter rejection (Fig. 13) showed a much smaller increase of neutron transmission with the reduction of distance to the active area. The mass of water in samples 1, 3, 4, and 5 calculated from the measured transmission according to equation (4) is shown in Figs. 14, 15 for no scatter rejection and with collimator installed on the detector, respectively. Finally, the error of measured water content as a function of distance between the sample and the detector shown in Fig. 16 indicates that substantial improvement of the quantification can be achieved by the implementation of scatter rejection with a polycapillary collimator. 
IV. CONCLUSION AND FUTURE DEVELOPMENTS
The experiments on water quantification with scatter rejection performed with the 2-mm-thick polycapillary collimator demonstrate that the accuracy of quantification can be substantially improved for experiments with samples placed close to the detector active area. The majority of neutron radiography and microtomography experiments, where high spatial resolution ( 50 m) needs to be achieved, are currently conducted with the sample placed at a small distance to the detector in order to avoid image blurring by the beam divergence. No substantial image distortions by the scattering in the samples are observed in most cases, and no data treatment for scatter rejection is required. However, in the case where the quantified information on the scattered substance is to be obtained in an experiment, the scatter rejection by a collimator can be implemented with the penalty of the increased acquisition time. The peak transmission of current collimators is on the scale of 50%-60%, although in the future it can be improved to 80 level with current glass manufacturing technology. Another possible improvement of collimator performance is higher levels of glass doping and/or manufacturing of thicker collimators, providing better rejection ratio for 1 A neutrons. Figs 17 and 18 demonstrate that the measured transmission of hydrated cement samples remains nearly constant for the colder neutron beamline BOA, where the rejection ratio of our current collimator is quite optimal, as shown in Fig. 7 . The expected improvement of the collimator manufacturing technology should allow similar rejection ratios for the ICON beamline, as well as for thermal neutron beamlines.
